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Abstract

As most oquacultuvedplantsdcated aff the power grid are being powered by diesel
generabr, NVESwantsto investigate the opportunity of powering aquaculture plantssng a

wind-diesel hybrid system with a battery storagbe mainobjective is to reducemissions and

contribute to making the aquaculture industry environmental frielglytilizing the excellent

wind conditions along the Norwegian coastlides a basi s, the thesis u:
plant at Gjelsgya asi@example

Based upon thanalysis of the wind and energy data, four diffenerdposed systems were
simulatedin a MATLAB® environnentto determinethe impact of the different components on
performance and profitabilityrhese simulations indicated thawvand-diesel hybrid system with
battery storage was not a viable solution for an aquaculture plant sdrtfesize ashe one at
Gjelsgya.However,the hybrid systems turned out to &eiable solutionto cut the emissions
with approximately50% for larger plantsif the systers were designed with aenewable
penetratiorof 50-60%, giventhatthe plant is operating 15 years or longer.

A

As the aquacul ture industry is growing, it os
along the Norwegian coastline as well as cont
reference to the Paris agreemeshould Norwaybe able ¢ comply with the agreement, an
important policy instrument is teemove the subsidiesn the marine diesel used by the
aguaculture industrip increase the intereist hybrid power solutions

To further investigate the possibilities of a widigsel hybril-based power solution, a small/full
scale should be initiated.



Sammendrag

Da de fleste av dagenppdrettsanleggom ermplassert utenfor stramnetatkkeviddelrives av
dieselgeneratoregnsker NVES a undersgke muligheten til & ddppdrettsanlegged hjelp av

et vinddieselhybridsystenmedbatterilagring Hovedmalet er & redusertslippene og bidra til

a gjare oppdrettsindustriermer miljgvennlig ved & utnytte de gode vindforholdene langs
norske&ysten. Som et grunnlag brukeapportenNekton Haviruks anlegg pa Gjelsgya som et
eksempel.

Basert pa analysen av vindg energidata, ble fire forskjellige foreslatte systemer simulert i
MATLAB ® for & bestemmavordande ulike komponentengdvirketytelsen og lgnnsomhegni
systemetDisse simuleringenendikerte at ewind-dieselhybridsystemmed batterilagring ikke
var enfornuftig lgsning foret oppdrettsanleggd samme starrelse satatpa GjelsgyaDerimot
viste hybridsystemene segkiinnevaere erfornuftig lgsning fora redusere utslippenmaed ca.
50% vedstgrreanleggdersomsystemene bldimensjonermed erfornybarandepa 5060%, gitt
atoppdrettsanlegget driftes i 15 ar eller leng

Etter hvert somoppdrettsneeringenokser, er detviktig & reduserenaeringensutslipp for a
beskyttedyrelivetlangskystlinjen, samt bidra til & mate Norges totale utslippkn henhold til
Parisavtalen.Dersom Norge skal overholde avtalen, er et viktig politisk virkemiddielitfe
subsidiene pA marine diesel som brukes av oppdrettsnaering for a gke interessen fo
hybridgsninger.

For & videre undersgkenulighetene ved ervind-diesel hybrid-baset kraftlgsning, bar et
sma/fulkskala pilotprosjekt iverksete
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1. Introduction

1.1Background

As the aquaculture industry has grown significantlpng with a focus on the global
environment over the laslecade, it is important to find new renewabteergy solutions to cut

the CQ 1 emissions1]. In collaboration with NTNUNVES wants to investigate the possibility

of using a winediesel hybrid system with battery storage to power aquaculture planteup g

of two students from NTNWvill performt he r equi red research as par
in renewable energy.

The aquaculture plants have high energy consumption due to feeding, lights, control devices and
service facilities for workers. Mosfto t he t odayods pl ant satorggwhechpower
results in high C@and particulate emissions. With the excepted growth in the aquaculture
industry and modern plants locatedtlar off the Norwegian coastliné is expected that the
emissiors and ost will further increasgl, 2]. For facilities located near the caafie most
reasonable option would be electrification with low voltage lihek{). However, facilities
located further ofthe coasneedhigh voltage installations (22 kV) due to voltage losses. High
voltage installations are not only complicated and costly, but relgoire concession, access
control and expertise. An esite winddiesel system with battery storage couldeptilly

reduce the C®emissions and costs significantly for plants isolated from the electricity grid as
the wind conditions along the Norwegian coastal line is ideal for wind power.

The purpose of this project is to design a system that can helpisgstabllaboration with
research and development work and relevant industry, and in the future, carry out a small/full
scaleprototype. This project usespecific plant located off the coast of Hitra (Norwaypasis

but may prove valuable for other ptanlf the project is successful, a widdksel hybrid system
could potentially beomethe main power source for aquaculture plants in the future.



1.2 Thesis Statement

The objectiveof the thesisis to examinewhethera winddiesel hybrid system with a battery
package is a reasonable solution to reduceCfe and particulateemissions To make the
systeminteresting for the markeit must come at a reasonable price

Energy from ren@able sources is free of charggtc an 6t be produced at al
generator due to weather conditions. To sustain the aquaculture plant with enough power during
periods without energy production, the plant must draw the power required frorrodinpomver

source. A battery paelge can function as an-off power source, as it enables the plant to store
renewable energy during periods when the energy production is higher than the consumption.
However, a diesel generator is required as a -Joackystem if the periods without engrg
production last longer than tle@ergy stored in the battery

The idea is to combine wind power with a battery storage system to r€é@and particulate
emissionsand cost by reducing the usage of diesel generatorsprobé&emof thethesiscan be
summarized as follows

fils a wind-diesel hybrid system with battery storag&iablesolution to cut CQ and
particulate emissions at an aquaculture plamt?

1.3 Methodology

The process of validating the most reasonable and functioning systeromsikts of various
aspects. To begin with, the thesis presaggneral theory aboulifferent technologies used in
this thesiswind energy, batteries and diesel generatoris driovides useful information ohow
the different technologiesvork and how he cuts in C@ and particulate emissions are
determined.

To obtaina detailed picture of the energy consumption at the plant, energy data will be gathered
at the planusing a Fluke 438l. Along with analysis of the wind data provided by NVES, this

will be used to purpose four different widoksel hybrid systemswith battery storage.
Furthermore, simulations carried out in MATLABfor each system will yieldrenewable
penetration cost efficiency anduts in CQ and particulateemissiors. The performance and
profitability of the system will also be simulatedor two, three and four times the energy
demand at Gjelsgya in an attempt to replieat@ger aquaculture plant.

By comparing the datavi t h tcosts and @missions, the theassesses whetharwind
diesel hybrid system with battestorageis a viable solution to reduce Cfand particulate
emissions.



1.4 The Aquaculture Industry in Norway

The concept of fish farming is an old idea which dates back #@ID0 years. Back thethe
Chinese bred cyprinid in dams with artificial fertilization, a method also used by the European
priests in the middle af8]. Today,dams havédeen replaced with large plants located at sea as
shown inFigure1.1. As for the Norwegian aquaculture industry, the cyprinid has be¢acesp

with salmon and severatherspecies.

The Norwegian aquaculture industry has experienced a significant growth in the last two
decades. With the production for 2016 being worth 64 billion NOKs, the aquadultiusryis

one of Nor wa yrd souras fsinrcome. nipeoindastny now plays a key role in
keeping job opportunities along the coast of Norway as the number of employees has increased
from 3 353 in 2006 to 7 237 in 2016. In coherence with the declining activity in the Norwegian
oil indudry, the salmon has been announced by many as the ng4j oil.

With the marine resources Norway has, the aquaeuitdustry can potentially replatee oil
industryin the future. However, as the industries have expanded rapidly in the last two decades,
a lack of focus of the environmehtconsequences have resulted in the industry having to deal
with major problems as fish lice or escaping fiSolutions to these problems are being
developefb].

Figure 1.1: An aquaculture plant at theoast of Norwalg] .



1.5Nekton Havbruk AS

Nekton HavbrukAS wes founded in 200hnd is an aquatture company located at Smgia
Mgre og RomsdalNekton Havbrukhaveconcessiorfor production ofsalmonas well as aiew
licencefor food fish.Nekton HavbrukAS currently has 1&mployees wittRune Iverserbeing
the CEO of the companylhe company is owned by Smglen handelkompani[AS.

The plant at Hitra is the platitis thesis uses as basis foberesearch. The plant consists of six
net cages, where only three of theare currently in use. A barge contains all necessary
equipment for operating and storirkggurel.2 is a pictire taken at the plant with the barge.

Figure 1.2: Picture taken from at thBlekton Havbruk s pl ant at Gj el sBya (Hitra)



151 Todayds System

With a feeding consumption of about two topelletsa day, Nekton Havbruk s f aci | i ty
Gjelsgya is a small plant compared to the majority in the aquaculture industry. Along with six
net cages, the plant consists of a barge which houses the feeding systelesehgenerators

and a control room. The diesel generat@G5kVA and 88 kVA), which powers the entire plant,

are placed in an engine room below deck. An integrated control system in the generators
switches between th@8 kVA and 165 kVA aggregates degmding on the required power. The
feeding system at the plant is delivered by Akvasntagufe1.3), allowing the crew to control

the feedingand monitor the temperature as well asakygen level of the water along with sea
currents. Described in the simplest manner; the feeding systeks by blowing the pellets

from the barge to the net cages through pipelines. The feed blower compresses the air, raising the
pressure enough to let the air carry the pellets through the pipelindgkfgn Havbruk s p |l ant ,
two feed blowers (at 22 kW ela) and feeding lines are sufficient to distribute enough food.
Figureldi | l ustrates todayods system at stentamdany!l ant ,
other load requiring power at the plaAt of now this will be referred to as the main load.

AkvaControl

! Wireless CAP Transmitter
4

- FTSRATN /' S
FishControl ~ \\ | | \
@ :

\ T.# \“»E/ N7

Temperature Current Oxygen
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©

Feed Computer

» “ ’ /@\\ ”/;7 -\\',
| I\ '
Remote location \ /;“ \ i /

Camera Rotor

e
- - Systems Spreaders
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ir Cool H t —
Air Cooler H‘ﬁ

Feed Doser

=T

AirControl

Figure 1.3: Feeding syste[f] .



165 KVA
)

88 kWA

)

Figure 1.4: Schematic drawing of today's system.

1.6NVES

NasjonaltVindenergisenterNVES is one of three centres of expertise in renewable energy
owned ly the Mare og Romsdal countypcalized in the middle of the largestind farm in
Norway at Smgla (Norway). NVES devetoand suppoginnovative and creative solutions for
renewable energy for both industry and private individual. Tinainfocusis to utilize the local
energy resources for every project. NVES also holds educational events foissChoodntly
NVES has threemployes, Thomas Bjgrdal (manageBal Preede Revheim (project manager)
andErlend Hestad (Research associate)



2. Wind Energy

2.1Basic Wind Energy Theory

As light from the sun heats upeE a r t h 6 sthe dempefatare ef the air near the ground
increasesthusreducing the density of the air. Dteebeing less dendban the air above, the air

at the ground will rise leaving an area with low pressure. To equalize the pressusncife
cold air from abovelescend tofill the space created by the hot air. This creates a flow of air as
illustrated inFigure2.1, or better known as wind. This process happens conts#tyall around

the planet, creating calm gusts, devastating storms and even shaping the environment.

warm air
cools
- and sinks
rising
current of
warm air

warmer air is displaced
upward by falling cooler air

Figure 2.1: Flow of air caused by temperature differerj©s

The air flow is in fact a motion of masthus having a certain amount of kinetic energy. The
kinetic energy of a object of mass m traveling at the speed v, is given by

. 8 8
aw

allel

Becausaair is not a solid object like a rock or a ball, it is more convenient to consider a flux of
air through a given crossection A, as shown irFigure2.2. The mass m in EQ.1 can then be
replaced by



}] being the density o fsectiomand¥ bemng theSpeeddich ther e a o f
airis moving. Substituting Eq..2 for the mass rm Eq. 21 gives

Cross- section A

Figure 2.2: Flow of air through crossection A.

By inserting the flux of air (mass per unit time), the equation now yields the power of the wind.
The area of the crossection and the velocity of the wind is the major factdfsctingthe power
available in the wind. The density, as mentioned eartbegnges with temperature (and
elevation). However, this variation is rather small (especially at a fixed eleyatimh)n most
caseg i s consider &t0).to be 1.225 kg/ m



2.2 Wind Turbines

The harness of wind energy is not a new condeigure 2.3 showns a typical wind mill which

was used in the past to grind grain and pump water. The remnaheswhd mills which date

all the way back to 644 A.D eve found in Afghanistan in the regiohSeistar{11]. Since then,

wind turbines have been developed into sophisticated machines in different shapes and sizes.
However, they all follow the same principal of converting the kineticggntom the wind into
mechanicaknergy. By creating different pressure each side of the blade, the air forces itself

to the side with the lowest pressure, thus creating a lift. The blades, which are attached to a shaft,
will rotate as the wind blows by. This converts the kinetic energy from the wind into mechanical
energyA generator at the end of the shaft then converts the mechanical energy into electricity.

Figure 2.3: Old wind mill used to grind graji2].



2.2.1Cp-factor, Betz limit and Power curve

For wind turbines it is important to distinguish betwdlea available power in the win@uind,

and the power produced by the turbine. The reason ishinakades only can extract some of the
kinetic energy from the windhe rest is carried away with the air leaving the back of the blades.
The efficiency ofa wind turbine is known as the power coefficieGg)(and isdefined as the
power extracted by the turbine divided by the available power in the Bewhuse of thiosses
mentionedabove, a wind turbine can never extract 100% of the available powes imitd. In

fact, the maximum power coefficient for an ideal wincbtoe is 59.3%, also known &tz

limit, and was established in 1962 by the German physicist Alberf{Bgtzin addition, theCp-

factor is not fixed through the wind spectrumaking the performance of a wind turbine to alter
with the wind velocity.Figure 2.4 shows a typical power curve of a pitched wind turbine. The
power curve shows the power a turbine delivers at any given wind velocity, along with rated
power, rated windspeed, eut speed and cubut speed. The rated power is the maximum power

a turbine candeliver and isreached at rated wind speed. For wind velocities above rated
windspeed the blades are pitched (rotated around their own axis) to prevent any damage, thus
keeps the powedelivered at rated power. Gt speed is the windspeed (usually betweé&n53

m/s) at which the turbine starts to deliver power, whilecuitspeed (usually between @5

m/9) is the windspeed at which the turbine is brought to a stop due to [d&fefyi]

wind

Rated Power

Wind Speed, W

Wcutfin rated Wcu1-out

Region I Region II Region III

Figure 2.4: Typical power curve for a pitched wind turbjha] .
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2.2.2Horizontal axis wind turbine (HAWT)

The horizontal axis wind turbines (HAWT) are the most common type of wind turbine, mainly
because of the commercial electricity producing which almost exclusively uses HAWT due to its
high efficiency and power outp{t0]. The capacityof HAWT6 sanges from several watts to 10
MW for offshore wind turbinegand its further increasings GE Renewable Energy is currently

developirg 12 MW turbinefl4]. A HAWT have its blades rotating around a horizontal axis,
making the rotation parallel to ground beldwgure2.5 shows a schematic drawing of a HAWT
with rotor and nacelle on top of the tower. The nacellesesall the electronics and mechanical
devices as the generator, gearbox and yaw system. The bégtyesttageof a HAWT is the

rotors blades which can be pitched and designed aerodynamically to maximize lift. The pitching
system rotates the blades arouheir own axis, making them extract less or more power from

the wind dependingnthe conditions.

Rotor shaft Gearbox
and f]Fd'II'(].’& RCrﬂI" brake

Reter hub and |
blade pitch mechanism J_ / Gererater
— |
! | [ Elextrical switch boxes
X and corfrol systems

[ .
Rninrhlaue—f— I Bedplate
|
|
|
{ Yaw system
)
]
|
)
)
]
I
Power cables
Tower
Grid connection (fransfermer)
Foundation ﬁ
T
;
R . Ul \
\\\‘ RS = SR \\\
a \\\ Y
\

LY
LY

Figure 2.5: Schematic's of a HAWTL].
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2.2.3Vertical axis wind turbine (VAWT)

Vertical axis wind turbines (VAWTEomes in many shapes and sizes andéhawvide rangef
applicatiors. A good example of a VAWT is an anemometer which sdu® measure wind
velocities. VAWT are mainly categorized in three different types; Darote (shown inFigure

2.6), Savoniugotor and Hrotor. What is common forll of them is the rotation around a
vertical axis. The advantages of a VAWT is that it can extract power from any wind disgction
along with a vertical shaft which allows the housing to be placed at ground level, making
maintenance opation easy to execute. However, VAWT have some disadvantages of not

havingthe possibility of pitchingin need of startip helpand higheiprice per kW compared to a
HAWT. [10, 11]

Figure 2.6: A Darrieus turbingl5].
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3. Battery

Used in everyday life, batteries are at the very centre of portable electronics. Laptops, mobile
phones, flash lights and other portable gadgets allhetésries as a power source. In the recent
years, batteries have made a major impact in transportation with the possibility to power a
vehicle based purely on electrical energy. As the technology is continuously developing,
batteriesd ramepne of application

A battery is a galvanic cell converting chemical energy into electrical energy by exploiting a red
ox reaction.Figure 3.1 shows a galvanic cell with an anode and cathode, each placed in a
corresponding electrolyolutionseparated by a membrade oxidization occurs at the anode,
while there is a reductiost the cathodeln the process of oxidation and reduction, elexgribow

from the anode to the cathode in the outer circuit due to the polarity differences caused by the
chemical reactions. To maintain an electrical connection, a membrane keeps the electrolyte
separated, while at the same time allowing anions to floeutih. Without separating the anode

and the cathode, the electrons will never flow in the outer cirbbijt.

Zinc Anode Copper Cathode

el e et G

— ———
—= Separator -+

Mol Psor)ye— Yo

Oxidation Reduction

Cation Cation

Figure 3.1: lllustration of a galvanic ceJlL7].
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The amount of energy a battery can store is dependent on how much elpwtedal there is,

in the casef Figure3.1, zinc and cobber. As soon as the materials are consumed, the battery can
no longer deliver electricity. To increase the capacity of a bateikage multiple batteries are
connected in sees ofandparallel. When connected in series, the voltages output is the equal to
the sum of each cell. As for parallel, the voltage output is unchanged, however, the current is
greater due to lower resistance. Batteries used in cars, laptops alongheitblettronic devices

are connected in both parallel and series to achieve the right power &igpue3.2 is showing
multiple cells connected ione modulg18]

Figure 3.2: An example of batterieonnected in a battery mod{d€].

Ther are many different types of batteries, with different chemical compounds. However,
batteries are categorized into two different types; primary and secondary batteries. Primary
batteries are essentially batteries sold in grocery stores, powering flatshaligl other electrical
devices. Despite varying in size, capacity and voltage level, all primary batteries have one thing
in common; they cannot be recharged due to the irreversibility of the chemical reaction. For
secondary batteries, the chemical riegicis reversible, enabling them to be recharged to their
original state. The ability to recharge makes secondary batteries suitable for transportation,
portable electronics, and hybrid systgig]
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3.1SecondaryBatteries

Secondary batterieplay an important role in everglay life. By powering phones, laptops,
vehicles and other devices, to¢ 60 s ty svoutdinet bethe same without them. There are
several different types of secondary batteries, but the most common is lead acid, NiCd, NiMH
and Lrion batteries. Besides having the ability to be recharged, the different types have some
unigue charactertiss.

The lead acid battery is the oldest rechargeable battery invented by Gaston Plant§20].1859
Due to its ability to supply high surge currents, the lead acid battery is often used in cars to
provide currents high enough to start motor engines. The battery is made up of lead and sulfuric
acid, makingit the cheapest rechargeable battery as the materials are easily accessible. A long
with being toxic, its short life span is of one the disadvantages of the lead acid[Ph}tdry
addition, compared to other rechargeable batteries, the energy density of the lead acid battery is
low[16].

Nickel-cadmium were the first rechargeable battery to be used in small electronic devices and is
still used in the airline industry. It is the only rechargeable battery that can becchtrgéast

without taking @mage due to stress. And in terms of cost per cycle, it is the cheapest of all the
secondary batteries. However, like the NiMH battery, it suffers from the memory effect,
reducing its capacity when charged before being fully discharged. The memory tfaosed

by chemical byproductgausing the chemical reaction to no longer be completely reversible. To
prolong the life span of NiCd and NiMH batteries, a full discharge is needed regularly. Other
disadvantages of the NiCd and NiMH batteries is the Higlidischarge rate and the low
efficiency of approximately 65% compared to-99% for Liion batterieR21]. Because of the
toxicity of cadmium, the NiCtatteres are being replaced with NiM&hd Liion batterief21].

Despitethe different types of Liion batteries depending on the material used as aliegttbey
share many of the same characteristics. Due to the high standard potential of abovee8 V (th
times that of a NiCd or NiMHbattery), and being the lightest metal, lithiom batteries have

the highest energy density of all secondary batfd¢sUnlike the NiCd and WIH batteries,
lithium-ions batteries are not affected the memory effet, allowing them to be recharged
before being comietely discharged without takingermanent damage. The depth of discharge
for Li-ion batteries varies between-800%, which is significantly higher than what of a lead
acid battery which is around 5020, 21] In addition, the Lion battery is superior regarding

life time expectancy of 5 10 years (depending on the amount of cycles) and maintenance
(maintenance freelnlike the NiCd and NiMHbattery, which suffer from a setfischarge rate

of 20-30%, the Liion battery losses less than 5% of the energy stored in a j@bhtHowever,

one of the major drawbacks is the cost of approximate®y @er kWh, making the Lion
battery the most expensive rechargeable bgé}fyAs well as being expsive, lithium reacts
heavily with air and water resulting in need of a closed container. Another disadvantage is the
low tolerance for overcharging, which often leads the batteries limited to reach 95% of full
storage capacity in battery systems for safefgong25].
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4. Fuel Generator

Fuel generators are commonly used to power units located off the power grid. By combining a
conventional combustion engine and a generator, the fuel generator is a reliable power source as
it can produce power wheneveeeded. Due to the reliability, fuel generators are often used as
emergency power sources at hospitals or other units where continuously power delivery is
crucial. The size of a fuel generator ranges from a few watts to several megawatts.

4.1Combustionengine

Combustion engines generates energy by a controlled explosion from a fuel with an oxidizer.
The ignition of the fuel produces gases and intense heat. As the gases expands rapidly it forces a
piston to move, converting the thermodynamic energy irdohanical energyigure4.1 shows

the principal structure of a combustion engine with the pistons mounted to a shaft. By adding
more pistons, the foe produced by the engine increases as well as it balances the force exerted
on the shaft. Fuels commonly used in combustion engines are fossil fuels, however, the engines
can be made to run on biofuels or even hydrogen. An advantage of the diesel entjiees

ability to ignite the fuel without spark plugs. In a diesel engine, the air is first heated up by
compressing the air before injecting the fuel. As the fuel is injected, the heat of the compressed
air ignites the fuel, making the diesel engine nedfieient. [26]

p : piston
-

crankshaft

Figure4.1: An illustration of how the pistons creates the rotatiothefshafi27].
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As the combustion engines runs on fossil fuels, the engines emiar@Qother environmental
gases. E.4.1 is a simplified reaction of diesel with enough air to provide a complete
combustion.

6 0 pO oD Opdl pWOL @& (4.1)

The equation shows the biproduct of the combustion of diEgels are in realita mixtureof
different liquidswith more complex chemical compoutithn what is shown in E41. Hence,

the emissions from a combustion engidees not onlyconsistsof CO,, but also other
environmental gases a€0, NOx, sulphur and other particulate mat{2§. The amount of
environmental gases is dependent on ghaty of the fuel Refining the fuel removestiger
substances, increasing the purity of the fuel, making its chemical compound less complex and
more like the one in E.4.1. However, as the refining process raises the price, fuels with high
purity becomes too costly for everyday ugsecommon fuel formarine us is MdO (Marine

diesel oil) and MgO (Marine gas oil), whichasheavier fuethan conventional diesel used by
automobiles

To determine the emissions, it is common to use emissions factors. An emissions factor is a
value that relates the emisss of a specific gas to the quantity of the consumed fuel. The factors
are usually expressed in g per kg fuel or kg per ton fuel and varies with type of fuel. However,
for CO, emissions it is common to use a factor of By2erkg fuel regardless of tgpof fuel as

the CQ atom weighs 3.3 times more than the C atom and assuming a small portion of the C
atoms forms CO [Havard Karoliuss€018, personal communicatid3{’ of May].
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4.2Generator

A generator uses mechanical energy to produce eleceraalgy; the opposite is an electric

motor. The generator is made up of two components, a stator and a rotor. The stator consists of
cobber windings, while the rotor iIis made up o
of induction, a voltage is @duced in the cobber windings of the stator due to the change in
magnetic flux as the rotor rotaf28]. The voltages induced varies with thember of windings,

cross section, and the field strength of the magnet. As the change in magnetic flux varies during

a rotation, the induced voltage fluctuates within a cycle as shoftigumne4.2.

As the generator produces power, the total power is measured in apparent power (&JtVA (
Amper@. The apparent power generated by the generator is a combination of active (P) and
reactive power (Q). Tdreactive power is the portion of the produced power used to maintain
magnetic anelectric fields in the circuiand cannot be converted to work. The active power, or
watt, is the power consumed by electrical components. The relation between the @etive p
and apparent power is given by E.q wi2ere cog is the power factof30]
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Figure 4.2: Inducedvoltagedue to flux cutting31]

18



5. Analysis

This chapter contains analysis for wiadd energy consumption dat&he data gathered from
the analysis will help determine the combination of the future system which vphelsentedn
the next chapter.

When analyzing data, especially data form an edigtable element like wind, one can only do
assumptioa of how the wind will behave in the future. However, by applying statistical
mathematics to the data, it gives a picture of how the wind have behaved in the past, making a
prediction dé the future moe accurate The most common probability function in statistical
mathematicgs the normal distribution. The normal probability function fits distribution where

the probability for an event to occur is symmetriaedbund amean value An example of this

kind of dstribution is the height of @opulation or ahundred tosses of a coithe normal
probability function is given hy

Her e, O and G is the expectation (meaae val ue
presented in confidence interval, which are an interval which a random event occurs in in a
certain percentage of the time. In most cases the 95% confidence interval is used, and is given
by:

60 * «ct, 8

Another well used probability fumion in wind analysis is the Weibull function. The Weibull
function is known for modeling lifetime expectancy, but also fits well to model wind
condition$l11, 32] The probability density function of a Weibull distribution is given by

0 3

. Qo
Qw =

€
ede

Here, k is the shapsarameter and b is the scale parameter. MATEABs builtin function for
both normal and Weibull distribution, making it easy to fit a distribution to any given data set.
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5.1Wind data analysis

The wind data provided by NVES waseasured at Veiholmen (Shapwhich is located about

15 km from Nekton Havbruk s p |l ant at Gj el sRBya, making it
specific plant. The data contains measuresmffotm 1994 to 2014. Howevethe dda used in

this analysis aréfom the period between Jamy&005 and December 2014 due to hbwhour
measures. To ensure validity, repeated measures in sequence and wind velocities at zero meters
per second is excluded as these measures are considered to be failure of the measure devices.

Figure 5.1 shows the plot for wind velocities in 2011 hour by hour with a lot of fluctuation
throughout the year. This is expected as the climate of the Norwegian coastline is characterized
with stronger wnds during the winter morngt§33]. A similar plot for the years 2005 to 2014 is
found inFigure A.1i A.10in appendix A.

Wind data for 2011
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Figure5.1: Wind data for 2011.

As part of the process of determinirfighe wind conditions are sufficient favind power, the
average wind Mecity over a year is evaluateAn area with average wind velocity of 7.®tars

per secondor above is considered to have good wind conditions for wind p{svdr By
anticipating the average wind velocity is normal distribut&dble 5.1 lists the average wind
velocities along with the 95% confidence interval for each mdridure 5.2 is the normal
distribution of average wind velocities for every year from 2005 to 2014. A méam of7.48
meters pesecondindicates that the area around Veiholmen is well suited for wind power, and
theaverage wind velocity can be expeatto be within 6.68 8.28 meters per second



Table5.1: Average wind velocities for each month.

Month

January
February
March
April

May

June

July
August
September
October
November
December

Average Wind
[m/s]
8.71
8.30
8.57
6.98
6.40
6.37
6.02
5.93
7.76
7.85
8.21
9.19

8.601 8.81
8.201 8.41
8.471 8.68
6.901 7.08
6.321 6.47
6.301 6.45
5.961 6.10
5.861 6.00
7.661 7.87
7.761 7.94
8.1171 8.31
9.081 9.29

Figure 5.2: The rormal distribution for average wind velocity for 202614.

Velocity 95% confidence interval for
average wind velocitym/s]
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